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 Background aims 
 Amniotic fl uid (AF) contains stem cells with high proliferative and 
differentiative potential that might be an attractive source of 
multipotent stem cells. We investigated whether human AF contains 
mesenchymal stem cells (MSC) and evaluated their phenotypic 
characteristics and differentiation potential in vitro. 
 Methods 
 AF was harvested during routine pre-natal amniocentesis at 14–16 
weeks of pregnancy. AF sample pellets were plated in α-minimum 
essential medium (MEM) with 10% fetal bovine serum (FBS). We 
evaluated cellular growth, immunophenotype, stemness markers and 
differentiative potential during  in vitro expansion. Neural progenitor 
maintenance medium (NPMM), a medium normally used for the 
growth and maintenance of neural stem cells, containing hFGF, 
hEGF and NSF-1, was used for neural induction. 
 Results 
 Twenty-seven AF samples were collected and primary cells, obtained from 
samples containing more than 6 mL AF, had MSC characteristics. 
AF MSC showed high proliferative potential, were positive for 
CD90, CD105, CD29, CD44, CD73 and CD166, showed Oct-4 
and Nanog molecular and protein expression, and differentiated into 
osteoblasts, adypocytes and chondrocytes. The NPMM-cultured cells 
expressed neural markers and increased Na  channel density and 
channel inactivation rate, making the tetrodotoxin (TTX)-sensitive 
channels more kinetically similar to native neuronal voltage-gated 
Na  channels. 
 Conclusions 
 These data suggest that AF is an important multipotent stem cell 
source with a high proliferative potential able to originate potential 
precursors of functional neurons. 
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Introduction 
Multipotent mesenchymal stromal cells (MSC) are a 
promising cell resource for cellular therapy and tissue 
engineering because of their ability to self-renew and 
differentiate into mesodermal [ 1 ], ectodermal [ 2 ] and 
endodermal [ 3 ] cytotypes. MSC can be isolated easily by 
their ability to adhere to plastic, and their presence was 
fi rst identifi ed in human adult bone marrow (BM). Recent 
reports have shown the presence of MSC in a number of 
younger tissues, such as adult and fetal peripheral blood, 
fetal liver, fetal spleen, placenta and in-term umbilical cord 
blood [ 4 – 6 ]. These peri-natal and mid-term MSC may 
have advantageous growth and plasticity properties over 
adult MSC  [ 7 ]. 
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 To date, little is known about the origin and properties of 
MSC in human amniotic fl uid, although these cells are used 
for routine pre-natal diagnosis of genetic alterations. In 
hu man amniotic fl uid (hAF), cells with different embryonic/
fetal origins of all three germ lines have been reported, and for 
specifi c subsets of hAF cells the origin still needs to be clari-
fi ed [ 8– 11 ]. hAF is considered an attractive source of MSC for 
therapeutic transplantation [ 12 ] and recently new reports 
have confi rmed the importance of stem cells isolated from AF 
for banking and multiple clinical applications [ 13 ,14 ]. 
 Our aim was to investigate whether hAF contains MSC 
and evaluate their phenotypic characteristics and differen-
tiation potential  in vitro . In particular, we studied the capac-
ity of hAF MSC to differentiate into neural cells testing a 
medium (neural progenitor maintenance medium, NPMM; 
Lonza, Basel, Switzerland) normally used for the growth 
and maintenance of neural stem cells, containing growth 
factors such as human fi broblastic growth factor (hFGF), 
human epidermal growth factor (hEGF) and neural sur-
vival factor (NSF)-1. We have demonstrated previously 
that NPMM treatment induces new morphologic charac-
teristics, neural markers and electrophysiologic properties, 
suggestive of neural differentiation, in human BM MSC 
isolated from healthy donors [ 15 ]. We analyzed the pheno-
type, cell growth and multipotent capacity on AF MSC 
and, unlike in our previous work on human MSC [ 15 ], spe-
cifi cally looked for expression of Na  channels carrying 
inward currents responsible for cell depolarization. 
 We found that hAF MSC possess high proliferative and 
differentiative potential and, interestingly, are endowed with 
signifi cant densities of voltage-gated tetrodotoxin (TTX)-
sensitive Na  channels with biophysical characteristics com-
parable to the Na  channels expressed in most mammalian 
neurons (Nav1.1, Nav1.2 and Nav1.3). Treatment of hAF 
MSC with NPMM induced new morphologic aspects and 
neural marker expression, and increased the density of Na  
channels and, drastically, the rate of channel inactivation, 
making the TTX-sensitive channels more kinetically simi-
lar to native neuronal voltage-gated Na channels. These 
conditions favor the generation and shaping of action 
potentials and make the NPMM-differentiated hAF MSC 
potential precursors of functional neurons. 
Methods 
Cell isolation and culture 
 AF was harvested from women undergoing amniocentesis for 
routine pre-natal diagnosis at 14–16 weeks of pregnancy. 
AF samples were centrifuged and the resulting pellets 
plated in 25-cm 2 T-fl asks in -minimal essential medium 
(MEM; Biochrome, Berlin, Germany) containing 10% 
fetal bovine serum (FBS; Sigma, Taufkirchen, Germany) 
and maintained at 37°C with a 5% CO 2 atmosphere. 
After 3–5 days, the non-adherent cells were removed and 
the adherent cells re-fed every 3–4 days. The cells were 
allowed to become confl uent. In order to expand the iso-
lated cells, the adherent semi-confl uent monolayer was 
detached with trypsin/EDTA (Lonza) for 5 min at 37°C 
and expanded for several passages until they no longer 
reached confl uence.
 Analysis of adherent cells 
 At each passage the cells were counted and analyzed for 
cellular growth, viability and immunophenotype. The 
expression of some stem and mature cell markers was 
also evaluated. 
Cellular expansion 
 The cellular expansion growth rate was evaluated by cell 
count in a Burker chamber at each passage and expressed in 
terms of population doubling (PD) using the log  n /log 2 
formula, where  n is the cell number of the detached cells 
divided by the initial number of seeded cells.
 Cytofl uorimetric analysis 
 The identifi cation of adherent cells was performed by fl ow 
cytometry analysis. Briefl y, 20 000–200 000 cells were 
stained for 20 min with anti-CD45–fl uorescein isothio-
cyanate (FITC) and CD14–phycoerythrin (PE), CD90–
FITC, CD73–PE (Beckman Coulter, Marseille, France), 
CD29–FITC, CD44–PE, CD105–PE, CD166–PE, 
CD106–FITC (Occhiena, Turin, Italy), CD326 (Milthenyi 
Biotech, Bergisch Gladbach, Germany) and 7-aminoacti-
nomycin D (AAD) (Beckman Coulter). The labeled cells 
were washed thoroughly with phosphate-buffered saline 
(PBS) and analyzed on an Epics XL (Beckman Coulter) 
with the XL2 software program. The positive cell 
per centage was calculated using cells stained with immu-
noglobulin (Ig) FITC/PE as a negative control. 
Differentiation potential assay 
 For differentiation experiments, AF-derived adherent cells 
were cultured in osteogenic, adipogenic and chondrogenic 
medium (Lonza) according to the manufacturer’s instruc-
tions. Briefl y, 10 000 and 20 000 cells were plated in a 
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24-well plate, respectively, for the osteogenesis and adipo-
genic culture protocols, allowing the cells to adhere to the 
culture surface for 24 h in -MEM  10% FBS. To induce 
osteogenesis and adipogenesis, the medium was replaced 
with specifi c induction complete medium (Lonza). Osteo-
genic differentiation after 21 days was demonstrated by the 
accumulation of calcium (crystalline hydroxapatite detec-
tion by Von Kossa staining). For adipogenic differentiation, 
adipogenic induction and maintenance media were used 
alternatively every 3–4 days and the presence of intra-
cellular lipid vesicles visible after 2–3 weeks of culture was 
assessed by Oil Red O staining. 
 For chondrogenic differentiation, an aliquot of 250 000 
cells was washed twice with incomplete chondrogenic 
medium (Lonza) in 15-mL polypropylene culture tubes. 
The cells were then resuspended in complete chondro-
genic medium, centrifuged and, without aspirating the 
surnatant, the tubes incubated at 37°C in a humidifi ed 
atmosphere of 5% CO 2 . Chondrogenic differentiation was 
allowed because of the growth of the cells as cellular 
aggregates fl oating freely in suspension culture in the pres-
ence of transforming growth factor (TGF)-3. The pellet 
was embedded in paraffi n and stained with Alcian Blue to 
identify the presence of hyaluronic acid and sialomucin. 
 To evaluate their potential neural differentiation, semi-
confl uent AF-derived adherent cells were detached and 
washed with PBS; 250 000 of them were then put in new 
T-25 fl asks in NPMM (Lonza), a maintenance medium 
for neural progenitor cells containing basal medium sup-
plemented with recombinant hFGF-B, recombinant hEGF, 
NSF-1, gentamicin 30 mg/mL and Amphotericin 15 μg/
mL. The cells were cultivated for 3 weeks in NPMM, 
changing the medium every 3–4 days. After a night in 
NPMM, we observed the formation of cellular aggregates 
similar to neurospheres. In preliminary studies, some fl oat-
ing neurosphere-like clusters were collected, centrifuged, 
disaggregated and plated on a PEI plating substrate, as 
indicated in the instructions for use of Clonetics normal 
human neural progenitors (Lonza). Some neurosphere-
like aggregates were centrifuged on slides for nestin 
immunostaining.
 Immunocytochemistry 
 The cells were fi xed and permeabilized with formalin for 
20 min at room temperature (r.t.) or in acetone:methanol 
(1:1) at 20°C for 10 min. Non-specifi c binding was 
blocked with 0.1% human albumin (HSA) in PBS 1 . 
The cells were incubated with the primary antibody, then 
with CY3-coupled anti-mouse (Immunological Sciences, 
Rome, Italy; 1:1000), Alexa fl uor 488-coupled anti-mouse 
(Molecular Probes, Inc, Oregon, USA; 1:200), FITC-
coupled anti-goat (Santa Cruz Biotechnologies, Santa 
Cruz, CA, USA; 1:200) and FITC-coupled anti-rabbit 
(Southern Biotechnology, Birmingham, AL, USA; 1:500). 
All incubations were performed for 1 h at r.t. or at 4°C 
overnight. Between each step, the cells were washed in 1% 
HSA PBS. The cells were reacted with antibodies against 
vimentin (1:200; DAKO Cytomation, Glostrup, Denmark), 
anti-human cytokeratin (1:200; DAKO Cytomation), Nanog 
(1:100; R&D Systems, Minneapolis, MN, USA), Oct-3/4 
(1:100; R&D Systems), nestin (1:100; Immunological 
Sciences, Rome, Italy), neuron specifi c enolase (NSE; 
1:200; Immunological Sciences), neuronal nuclei (NeuN; 
1:100; Chemicon, Temecula, CA, USA), microtubule 
a ssociated protein (MAP)-2 (1:50; Chemicon) and glial 
fi brillary acidic protein (GFAP; GA5 clone; 1:1000; Chemi-
con). All experiments were performed in triplicate. Cells in 
10 optical fi elds were examined with epifl uorescence 
microscopy (Axiovert 200; Carl Zeiss AG, Epttingen, 
Germany) and analyzed by AxioVision Rel 4.2 (Carl Zeiss 
AG). Positive cells were counted and compared with total 
cell counts labeled with 4´,6-diamidino-2-phenylindole 
(DAPI; Molecular Probes). 
RT-PCR and real-time PCR for embryonic markers 
 Total RNA was isolated from undifferentiated cells using a 
Nucleospin RNA II purifi cation system (MACHERY-
NAGEL GmbH & Co., Germany). For reverse transcrip-
tion (RT)-polymerase chain reaction (PCR), fi rst-strand 
cDNA was synthesized with 1 μg total RNA using 
Oligo(dT) 12–18 primers, RNaseOUT
™ recombinant ribo-
nuclease inhibitor and SuperScript III RNase H–reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions using a Thermal Cycler 
Perkin Elmer 2400. To control the effi ciency of cDNA 
synthesis, 100 ng cDNA were amplifi ed for the GAPDH 
gene. PCR was performed in a fi nal volume of 30 μL with 
1 U Taq polymerase, 1.5 m m MgCl 2 , 0.2 m m of each 
desoxynucleotide and 100 ng of each primer. We performed 
PCR to detect the transcripts for human Nanog and 
Oct-4 using specifi c assays (assay ID Hs02387400g1 for 
Nanog and Hs01654807s1 for Oct-4) and TaqMan 
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potential for Na  . E Na was estimated at around  75 mV. 
The V-dependence of Na  channel conductance was 
determined by normalizing g Na to the maximum value 
(g Namax ) and plotting g Na /g Namax versus voltage. Data points 
of normalized g Na were fi tted with a Boltzmann function: 
g Na /g Namax  1/[(1  exp(V ½ V)/k] with V ½ indicating the 
voltage of half-maximal peak conductance and k the 
slope factor (mV required for an e-fold change of g Na /
g Namax ). Na 
 channel inactivation was fi tted with an 
exponential function with time constant  inact . The fi t 
started after the Na current decayed to 80% of the 
peak value. 
RNA extraction and real-time PCR for neural 
markers 
 RNA from undifferentiated and neural-induced cells was 
extracted using TRIZOL reagent (Invitrogen) according 
to the manufacturer’s protocol. RT was performed using a 
high capacity cDNA reverse transcription kit (Applied 
Biosystems). Quantitative real-time PCR with a Syber 
Green assay (Applera, Norwalk, CT, USA) was used to 
measure the relative amount of cDNA of interest in treated 
and untreated cells. Human primers were designed with 
Primer Express software (Applied Biosystems) and are 
summarized in  Table I . 
 PCR reactions were set up using the Biomek2000 auto-
mated station (Beckman Coulter) and carried out on a 
7900HT sequence detection system (Applera), according to 
standard protocols. After normalization of the cycle threshold 
(C T ) values to those of the housekeeping gene phospho-
glycerate kinase (PGK), a ‘log 2 signal’ was calculated for 
each sample by subtracting the C T value from 45, i.e. the 
total number of PCR cycles performed. Thus higher log 2 
signal values corresponded to higher expression levels. In the 
log 2 signal scale, an increase of one unit corresponded 
to a 2-fold increase. 
Statistical analysis 
 Data are given as a median, indicating the range for all 
the values regarding MSC isolation and characterization. 
Electrophysiology and real-time PCR values are expressed 
as mean 	 SEM for  n  number of cells. Statistical signifi -
cance was calculated using unpaired Student’s  t -test and 
 P -values lower than 0.05 were considered signifi cant (∗). 
The symbols ∗∗ and ∗∗∗ indicate  P 
 0.01 and  P 
 0.001, 
respectively. 
Universal PCR Master Mix (Applied Biosystems, Foster 
City, CA, USA). 
 Comparative CT experiments (Δ ΔCT ) were performed in 
accordance with the manufacturer’s specifi cations (Applied 
Biosystems) in a total reaction volume of 20 μL. All experi-
ments were performed in three replicates. To normalize 
the PCR results, we used a GAPDH endogenous control. 
Amplifi cation results from the samples were compared 
with the amplifi cation results from the reference sample 
(MCF-7 cell line) to determine the relative amount of 
target mRNA. A relative quantifi cation (RQ value) was 
obtained with the formula 2  Δ ΔCT . 
Electrophysiology and data analysis 
 Subconfl uent hAF MSC were detached from plastic dishes 
using trypsin–EDTA for 5 min at 37°C. After a 5-min cen-
trifugation, the cells were recovered in Tyrode’s solution 
(in m m ), 130 NaCl, 4 KCl, 5 CaCl 2 , 2 MgCl 2 , 10 HEPES 
and 10 glucose (pH 7.4), and allowed to adhere to plastic 
Petri dishes for 30 min. Membrane currents were recorded 
in the perforated-patch confi guration, as described previ-
ously [ 16 ], using an EPC9 patch-clamp amplifi er (HEKA-
Electronic, Lambrecht, Germany) and PULSE software. 
Pipettes were obtained from Kimax borosilicate glass and 
fi re-polished to obtain a fi nal resistance of 1–2 MΩ .
 The perforated-patch confi guration was obtained using 
amphotericin B (Sigma, St Louis, MO, USA). To block K  
currents, the pipette-fi lling solution contained (in m m ) 
135 CsMeSO 3 , 8 NaCl, 2 MgCl 2 and 20 HEPES, (pH 7.3 
with CsOH), while the fi nal composition of the extracel-
lular solution was (in m m ) 135 NaCl, 5 CaCl 2 , 4 TEACl, 
10 HEPES and 10 glucose (pH 7.3 with CsOH). TTX 
(300 n m ) was used to block Na  currents when required. 
Cd 2 (200 μ m ) was also added to the extracellular solution 
to test for Ca 2 currents. 
 Currents were evoked by step depolarization of 100 ms 
from 60 to 50 mV. Series resistance was compensated 
by 80% and monitored throughout the experiment. Mem-
brane capacity was obtained directly from the C slow digital 
display of the EPC9 HEKA amplifi er after compensation 
of capacitance transients. Experiments were performed at 
r.t. (22–24°C). Data are given as mean 	 SEM. Statistical 
signifi cance was calculated using unpaired Student’s  t -test 
and  P 
 0.05 was considered signifi cant. 
 Na  conductance (g Na ) was calculated from the equation: 
g Na  I Na /(V  E Na ), with I Na indicating the peak Na
 current, 
V the membrane potential and E Na the Nernst equilibrium 
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confl uence, expanded them for several passages and evalu-
ated their immunophenotypic and pluripotential proper-
ties during expansion. 
 Primary cultures with these characteristics were derived 
from samples containing a starting volume of more than 
6 mL ( n  4) reaching a median of 43 PD (range 38–48) 
after 10 passages over an average of 120 days. The rest of 
the samples showed a heterogeneous morphology and 
failed to expand after a second or third passage. 
Immunophenotype analysis and multipotent 
characteristics 
 During the fi rst 10 passages, the cells were analyzed 
at each passage for the expression of CD45 and CD14 
(hemopoietic surface antigens), CD90 (a membrane 
Results 
Isolation and characterization 
 Twenty-seven hAF samples from women with a median 
age of 37 years (range 34–43) were collected. The volume 
of the samples had a median of 4.0 mL (range 3–6.5 mL). 
We observed adherent cells after 5 days of culture that 
persisted for the following 20 days (median value, range 
15–41). These cells, of heterogeneous size and morphology, 
formed an adherent monolayer. We observed round and 
fl at cells alone and in association with elongated and fi bro-
blast-like cells appearing as colonies ( Figure 1 A–C). In 
some cultures there were homogeneous colonies composed 
of elongated, spindle-shaped cells typical of MSC 
( Figure 1 D–F). To verify whether these hAF colonies 
contained MSC, we detached the cells after reaching 
Table I. Gene specifi c primers used for real time PCR.
Primers for real-time PCR
CAV1.1 Forward primer 5´–TTGCAGGCTTGAACAAAATCA–3´
Reverse primer 5´–AAGACCTTGGACTTCACGATGTC–3
CAV1.2 Forward primer 5´–GCAGGACGCTATGGGCTATG–3´
Reverse primer 5´–GCTCAACACACCGAGAACCA–3´
CAV1.3 Forward primer 5´–GGCCCCGAGGCTACCAT–3´
Reverse primer 5´–GGGAGGTAGTAGGCGTCTCCTT–3´
CAV2.1 Forward primer 5´–AAAATCATTGCCCTTGGGTTT–3´
Reverse primer 5´–TCGCCAAGATGCCCGTTA–3´
CAV2.2 Forward primer 5´–CTCATTGCCATGCTGTTCTTCA–3´
Reverse primer 5´–AGTTGTTGTGGCGGTTGATG–3´
CAV3.1 Forward primer 5´–CAGCCCCAGATTCTGGATGA–3´
Reverse primer 5´–GGAAACCAAAGGCCACAAGTT–3´
CAV3.2 Forward primer 5´–CCTTCTTCATCATTTTTGGCATT–3´
Reverse primer 5´–TGTGCCTTGGTGGAGATGTTC–3´
SCN1A Forward primer 5´–TTGGTTGGTGGACCTTCAGTT–3´
Reverse primer 5´–CAGTGGTTGTTCCATTGTCATCA–3´
SCN2A Forward primer 5´–GCAGATGCTCGAACAGTTGAAA–3´
Reverse primer 5´–TATCCCACCAGCACCACTGA–3´
SCN3A Forward primer 5´–GGTCCCAGAGCAATGAATCATC–3´
Reverse primer 5´–GCCTGCGAAAGGTGAAAATG–3´
GFAP Forward primer 5´–CCGACAGCAGGTCCATGTG–3´
Reverse primer 5´–GTTGCTGGACGCCATTGC–3´
MAP-2 Forward primer 5´–TTGGTGCCGAGTGAGAAGAA–3´
Reverse primer 5´–GGTCTGGCAGTGGTTGGTTAA–3´
NF–M Forward primer 5´–GTCAAGATGGCTCTGGATATAGAAATC–3´
Reverse primer 5´–TACAGTGGCCCAGTGATGCTT–3´
Nestin Forward primer 5´–AGCCCTGACCACTCCAGTTTAG–3´
Reverse primer 5´–CCCTCTATGGCTGTTTCTTTCTCT–3´
PGK Forward primer 5´–AGCTGCTGGGTCTGTCATCCT–3´
Reverse primer 5´–TGGCTCGGCTTTAACCTTGT–3´
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(cell-adhesion molecules, also named SB10/ALCAM and 
VCAM-1), CD73 (SH2, SH3 epitope) and CD326 (an 
epithelial marker). 
glycoprotein, also called Thy-1), CD29 (the β subunit of 
fi bronectin receptor), CD44 (receptor III of extracellular 
matrix), CD105 (also called endoglin), CD166 and CD106 
 Figure 1.  Panel 1: primary cell culture in MSC medium. (A–C) Rounded, fl at and circular cells clones and cells after 7 days from seeding; 
(D–F) homogeneous colonies composed of elongated, spindle-shaped cells typical of MSC after 7, 12 and14 days from seeding. Original 
magnifi cation 20 . Panel 2: characteristics of a representative AF MSC line at each passage. (A) Immunophenotypic analysis of AF MSC 
showing the negativity of CD45 and CD14 expression and positivity of CD90, CD29, CD166, CD73, CD105 and CD44. Immunocytochemical 
staining for (B) vimentin expression and (C) cytokeratin expression (negative) in counter staining with nuclear DAPI. Original magnifi cation 
20  for (B) and (C). Panel 3: differentiative potential of a representative AF MSC. (A) Presence of calcium ossalates observed with Van 
Kossa staining in AF MSC after osteogenic induction; (B) presence of lipid intracytoplasmic vacuoles stained with Oil Red in AF MSC after 
adipogenic induction; (C) presence of hyaluronic acid by Alcian Blue staining in AF MSC after chondrogenic induction. Original magnifi cation 
20  for (A) and (B) and 10  for (C) .
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slowly increased during NPMM treatment ( Figure 3 B,C). 
Initially, we observed no differences between neurospheres 
plated on PEI and those left in the same fl ask for 3 weeks, 
so we did not use a PEI plating substrate in subsequent 
experiments. 
 The fl oating neurosphere-like clusters ( n  2) analyzed 
after 3 days of culture were positive for nestin. In all the 
analyzed samples, after 3 weeks cytokeratin expression 
remained negative, and vimentin marker expression decreased 
compared with untreated cells (data not shown), whereas 
there were variable degrees of neuronal marker expression. 
In particular, we observed some adherent neurosphere-like 
 At the fi rst trypsinization, hAF MSC were negative for 
CD45, CD14 and CD326, and positive more than 90% for 
CD29, CD44 and CD73, while they showed variable 
expression of CD90 (median 50.7%, range 47.50–57.70%) 
and CD105 markers (median 18.7%, range 6.60–30.8%). 
The CD90 and CD105 percentage expression became 
90% after the fi rst passage.  Figure 1 A, panel 2, shows the 
expanded hAF MSC phenotype, which was similar to that 
reported for MSC derived from BM [ 17 ]. Moreover, hAF 
MSC were highly positive for vimentin and negative 
for cytokeratin ( Figure 1 B,C, panel 2). The non-MSC 
obtained from AF samples of less than 6 mL had a hetero-
geneous morphology and immunophenotype. In these 
cell batches, we observed a variable expression of CD326 
and cytokeratin, suggesting the presence of epithelial cells 
(data not shown). 
 Cultured hAF MSC showed multilineage differentiation 
into osteoblasts, adypocytes and chondroblasts. After 3 
weeks of culture with various differentiating mediums, they 
exhibited a number of cubical cells with calcium ossalate 
crystals evaluated by Von Kossa staining (for osteoblasts; 
 Figure 1 A, panel 3) and large, rounded cells with intracyto-
plasmic vacuoles stained with Oil Red (for adypocytes;  Fig-
ure 1 B, panel 3). Meanwhile, pellets positive for hyaluronic 
acid (as shown by Alcian Blue staining;  Figure 1 C, panel 3) 
also formed in chondroblastic induction medium. In the 
same conditions, non-MSC were unable to differentiate in 
osteogenic, adypogenic and chondrogenic phenotypes. 
 hAF MSC showed high rates of proliferation, reaching 
a median of more than 40 cumulative PD after 10 passages. 
To analyze the ‘stemness’ of these cells, we checked for 
the presence of the pluripotent transcription factors Oct-4 
and Nanog by both immunofl uorescence staining and 
mRNA analysis. The protein expression for Oct-4 and 
Nanog is shown in  Figure 2 A,B. The expression of their 
mRNA levels was evaluated by quantitative PCR in all pri-
mary hAF cell cultures and persisted during the expansion 
( Figure 2 D) .
 Neural differentiation 
 Untreated hAF MSC at different passages (2–11,  n  12) 
displayed an elongated, fi broblast-like shape and were pos-
itive for vimentin and negative for cytokeratin and all ana-
lyzed neural markers. When hAF MSC were cultured with 
NPMM ( n  10), the cells fi rst aggregated in spheres sus-
pended in the medium ( Figure 3 A) and then formed adher-
ent clusters, with cells showing prominent processes that 
 Figure 2.  Expression of embryonic cells markers. (A) Nuclear 
Oct-4 expression; (B) Nanog expression; (C) negative control with 
pre-immune donkey serum; on the right is corresponding DAPI 
staining. Original magnifi cation 40 . (D) Oct-4 (left histogram) 
and Nanog (right histogram) mRNA quantifi cation in a 
re presentative AF MSC line during in vitro  expansion until the 
ninth passage. MCF-7, a breast cancer cell line used as a refer-
ence sample .
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 Figure 3.  Morphologic aspects and neural marker expression in AF MSC cultivated in NPMM. Neurosphere-like aggregates were observed after 
a night (A) and then formed adherent clusters with cells showing prominent processes that slowly increased after 15 (B) and 21 (C) days in NPMM. 
White-light photographs; original magnifi cation 20 . Variable degrees of neural markers were observed during the NPMM treatment after 3 
weeks: adherent clusters were positive for nestin (D) and GFAP (G) markers. Corresponding DAPI staining (E, H) and white-light photographs 
(F, I) are shown. Some adherent clusters were positive for nestin (J) and NSE (K) but weakly positive for MAP-2 (L) and GFAP (M). Other 
adherent cells were positive only for NSE (N) and MAP-2 (O) (magnifi cation 20  ). The negative control with pre-immune mouse serum is also 
illustrated (P). MAP-2, nestin and GFAP mRNA levels expressed in the undifferentiated (CTRL) and treated (NPMM ) AF MSC as analyzed 
by real-time PCR are illustrated in the lower right corner. In the log  2  signal scale, an increase of one unit corresponds to a 2-fold increase .
aggregates positive only for nestin ( Figure 3 D) and GFAP 
( Figure 3 G) ( n  2) and some adherent cells positive for 
nestin ( Figure 3 J) and NSE ( Figure 3 K), with weak MAP-2 
( Figure 3 L) and GFAP ( Figure 3 M) expression in 75% of 
total cells ( n  4). In other experiments, cells were positive 
only for NSE ( Figure 3 N) and MAP-2 ( Figure 3 O) in 80% 
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 Figure 4.  (A) Families of inward Na     currents measured from an 
undifferentiated (left) and NPMM-treated (right) AF-MSC cell. 
Step depolarizations from 50 to 50 mV were delivered from a 
80 mV holding potential. The two insets show the mean 	 SEM 
of cell capacitance and peak Na     current densities for undifferentiated 
NPMM-treated AFS cells. The numbers in the bars indicate the 
numbers of cells used for the analysis. (B) Na     current densities 
obtained at 10 mV from a 80 mV holding potential from an 
undifferentiated and NPMM-treated AFS cell before, during and 
after exposure to 300 n M TTX, as indicated. Notice the different 
vertical scales. (b, C) Changes of Na    channels Nav1.1 (SCN1A), 
Nav1.2 (SCN2A) and Nav1.3 (SCN3A) transcript levels, normalized 
against the PGK housekeeping gene, by real-time analysis. The graphs, 
relative to one of the three positive batches, show that all three Na   
  channels were net up-regulated following NPMM treatment. 
of total cells ( n  6). We did not observe NeuN. Real-time 
PCR analysis confi rmed basal expression of MAP-2, nestin 
and GFAP, with the latter two genes further up-regulated 
in NPMM-treated cells, by 2.54- and 2.84-fold, respectively 
( Figure 3 , lower right corner). The nestin mRNA level 
increased signifi cantly ( P 
 0.05) in NPMM-treated MSC. 
Electrophysiology of expressed Na  channels 
 To test whether undifferentiated and NPMM-treated hAF 
MSC cells expressed functional voltage-gated Na  chan-
nels that might confer some degree of cell excitability, we 
undertook a series of voltage-clamp measurements using 
the patch-clamp technique in the perforated-patch con-
fi guration. K  currents were minimized by using Cs  in 
the intracellular solutions and TEA  extracellularly while 
perfusing the cells. 
 In bath solutions containing 5 m m Ca 2 and 135 m m 
Na  , transient inward Na  currents were recorded only in 
the four hAF cell batches that showed MSC characteristics. 
In all the other batches, which were negative for the same 
markers, we found no sign of inward currents. hAF MSC 
were tested in undifferentiated conditions ( n  17) and after 
NPMM treatment ( n  8). They were held at 80 mV (V h ) 
and depolarized from 60 mV to 50 mV with incre-
ments of 10 mV. Inward Na  currents were detectable 
above 20 mV and displayed the typical transient time–
course, with fast activation and full inactivation. The peak 
current amplitude increased with voltage to reach a maxi-
mum at 10 mV and then decreased at more positive 
potentials ( Figure 4 A and  Figure 5 A). Activation and inac-
tivation accelerated with increasing voltages, reaching 
minimal values at very positive potentials. The Na  cur-
rent densities of NPMM-treated and undifferentiated hAF 
MSC were all reversibly blocked by 300 n m TTX ( Figure 4 B), 
suggesting a low K D of block (4–12 n m ) typical of TTX-
sensitive neuronal Na  channels [ 18 ]. 
 The NPMM treatment had two clear effects on cell 
excitability: it nearly halved the mean membrane capacitance 
from 60.1 to 31.4 pF ( Figure 4 A, left insert), suggesting 
a reduction of cell surface after differentiation, and it 
increased by 30% the size of Na  currents, suggesting 
increased Na channel expression. The two effects had a 
synergistic effect on mean Na  current density, which 
increased about 3-fold after NPMM treatment (from 3.8 
to 10.3 pA/pF) ( Figure 4 A, right insert). Despite being 
signifi cantly higher after exposure to NPMM, the increased 
Na  current density remained 2–3 orders of magnitude 
lower than the typical Na  current density of axonal initial 
segments (10 3 –10 4 pA/pF) but only a factor of 20 smaller than 
that of the soma of sensory neurons (200 pA/pF) [ 19 ]. 
 To check whether the increased current density was the 
result of an increased number of Na channels of the same 
phenotype, we studied the V-dependent properties of con-
trol and NPMM-recruited Na  channels. We therefore 
calculated the normalized peak conductance versus V (g Na /
g Namax ) and used the time-to-peak (t p ) and time constant of 
inactivation ( inact ) as indicators of the activation and inac-
tivation kinetics.  Figure 5 B–D shows that NPMM only 
had signifi cant effects on the V-dependence of Na  chan-
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curves were fi tted by an exponential function with comparable 
decaying factors (26.4 and 20.4 mV) but a slightly differ-
ent amplitude ( Figure 5 C). However, the NPMM-treated 
hAF MSC displayed a drastic effect on  inact , which 
speeded-up and became more V-dependent ( Figure 5 D). 
The mean  inact decreased from 4.7 to 1.3 ms at 10 mV 
( Figure 5 D, insert) and increased its V-dependence by 
about a factor of 3, requiring only 12.3 mV for an e-fold 
change compared with the 35.9 mV of undifferentiated 
hAF MSC. Na  channel availability (steady-state inacti-
vation) was also steeply voltage-dependent, as deter-
mined by 100 ms pre-pulses from 80 to 0 mV and test 
depolarization to 10 mV. In NPMM-treated hAF MSC, 
Na  channel availability was maximal at pre-pulse poten-
tials negative to 80 mV and half-maximal at 45 mV 
( Figure 5 B, insert). 
 To explore the overall expression of the transcripts of 
Na  channel α 1 -subunits Nav1.1 (SCN1A), Nav1.2 
(SCN2A) and Nav1.3 (SCN3A), a real-time RT-PCR anal-
ysis was conducted on the four hAF batches possessing 
MSC characteristics. Three of the four batches following 
NPMM treatment exhibited a net up-regulation of the 
three Na  channel expressions.  Figure 4 C shows the results 
obtained at passage 8 from one of the three positive 
batches. 
Discussion 
 The goal of our study was to investigate the possibility of 
isolating MSC from hAF using the same conditions estab-
lished for cultured BM MSC. We also tested whether these 
pluripotent cells could differentiate in neural cells as for 
BM MSC [ 15 ]. Cultivating hAF sample cells directly in 
-MEM containing 10% FBS with no growth factors and 
using a particular culture protocol, we could isolate pri-
mary cultures with typical MSC characteristics. The pres-
ence of MSC in hAF has been already reported [ 11 – 14 , 20 ,21 ] 
using signifi cantly different cell culture conditions, such as 
the addition of supplementary growth factors and/or more 
quantities of fetal serum. Moreover, usually AF MSC are 
isolated from leftover AF cell cultures used for routine 
karyotype analysis and set up from 10–20-mL samples. 
The limiting dilution assay is often used to select MSC 
clones. In our study, hAF MSC clones were isolated only 
from the most abundant samples that contained at least 
6 mL. No limiting dilution assay was performed. In all the 
other samples we observed heterogeneous clones also 
nel inactivation while it preserved both the V-dependence 
and time–course of Na  channel activation (g Na /g Namax and 
t p ). The peak conductance had similar V-sensitivity (k 6.8 
versus 7.9 mV) and half-maximal activation (V ½ 1.02 versus 
0.8 mV) as control cells ( Figure 5 B), while the two t p (V) 
Figure 5. (A) Peak Na current densities versus voltage derived 
from n  17 undifferentiated (open circles, lighter curve) and n  8 
NPMM-treated AFS cells (fi lled squares, dark curve). The lines 
through the data points were drawn visually. (B) Normalized peak 
Na conductance (gNa/gNamax) versus voltage for undifferentiated 
and NPMM-treated cells using the equation: gNa  I/(V  ENa), 
with ENa   75 mV (Nernst equilibrium potential for Na
). The 
curves are Boltzmann functions of the form gNa/gNamax  1/[(1  
exp(V½V)/k] fi tted through the data points with half-maximal 
voltages (V½) and slope factors (k), respectively: V½   0.8 mV 
and k  6.9 mV for undifferentiated cells and V½   1.4 mV and 
k  7.9 mV for NPMM-treated cells. Inset: availability of Na 
channels (steady-state inactivation) at 10 mV for the NPMM-
treated cell of (A). Pre-pulses to the voltage indicated lasted 100 ms. 
Half-maximal inactivation was at 45 mV. (C) Time to peak of 
inward Na currents plotted versus voltage. The two curves are 
exponential functions of the form tp  tmaxexp(V/ka) fi tted through 
data points, with ka  26.4 mV and 20.4 mV for undifferentiated 
and NPMM-treated cells, respectively. (D) Inactivation time constant 
tinactplotted versus voltage. The two curves are exponential functions 
of the form inact  tmax exp(V/ki) fi tted through data points, with 
ki  36.1 mV and 12.4 mV for undifferentiated and NPMM-treated 
cells, respectively. Inset: Na current density traces at 10 mV 
shown at a more expanded time scale. Traces were taken from the 
family curves of Figure 4A and normalized to compare the different 
inactivation time–course. tinact of undifferentiated (gray trace) and 
NPMM-treated cells (dark trace) was 3.1 and 1.05 ms, respectively.
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GFAP is commonly used to identify differentiated astro-
cytes  in vivo and  in vitro , but numerous other cell types in 
the central nervous system (CNS) and other organs express 
this associated protein [ 33, 34 ]. Similarly to nestin and 
vimentin, GFAP is also an intermediate fi lament. Their 
dynamically regulated expression by neural progenitors at 
different stages of development, at maturity and after CNS 
injury, is well documented and accepted [ 35 – 38 ]. Interest-
ingly, nestin-positive cells were negative or weakly positive 
for MAP-2 while nestin-negative cells clearly expressed 
high levels of mature neural markers such as NSE and 
MAP-2. These data suggest that NPMM induces neural 
development that probably needs further maturative fac-
tors to complete the differentiation in functional neurons. 
This hypothesis is supported by electrophysiologic data 
that provide evidence that hAF MSC express signifi cant 
densities of functioning voltage-gated Na  channels and 
NPMM treatment increases their density, accelerating the 
rate of channel inactivation. Thus, after NPMM treatment, 
the hAF MSC possess more functioning Na  channels, 
with activation–inactivation kinetics closer to those of 
native neuronal Na  channels. The high sensitivity to TTX 
(full block at 300 n m ) and V-dependence of activation sug-
gest that the available channels appear closely related to 
the Na  channel -subunits expressed in mammalian brain 
neurons (Nav1.1, Nav1.2 and Nav1.3). The Na  channels 
expressed in NPMM-treated hAF MSC had half-maximal 
activation (V act½ ) around 0 mV, a slope factor (k) of 7.9 mV 
and half-maximal inactivation (V inact½ ) around 45 mV, 
which compare well with the V act½ , k factor and V inact½ of 
Nav1.1, Nav1.2 and Nav1.3 in 2 m m Ca 2 as reported by 
several groups [ 39 ], if a 22 mV shift is allowed to com-
pensate for the voltage shift of liquid junction potential 
(∼14 mV) and the ∼8 mV positive shift induced by the 
increased surface charge screening in the 5 m m extracel-
lular Ca 2 concentration. Nav1.2 and Nav1.3 channels 
have half-maximal activation between 23 and 26 mV, 
half-maximal inactivation between 53 and 65 mV and 
slope factors of 5–6 mV that increase to 7 mV in the pres-
ence of heterologous co-expression of the  1 -channel sub-
unit with  1 ,  2 and  3 subunits [ 40 ]. The activation and 
inactivation kinetics of Na  channels expressed in NPMM-
treated hAF MSC is also comparable to Nav1.1, Nav1.2 
and Nav1.3 channels. The  inact of Nav1.3 approaches 
asymptotic values of 0.5 ms with slope factors of 13 mV, 
which are very close to those observed for NPMM-treated 
AF-MSC cells: 0.5 ms and 12.5 mV. Of interest in this case 
presenting epithelial characteristics. The AF MSC that we 
isolated had fi broblast-like forms with high proliferative 
potential, reaching signifi cantly higher PD than BM MSC 
isolated from children [ 17 ]. During  in vitro expansion, the 
hAF MSC showed immunophenotypic and functioning 
properties defi ned by international guidelines [ 22, 23 ]. 
They differentiated into osteoblasts, adipocytes and chon-
drocytes after induction with specifi c media. Moreover, 
the hAF MSC expressed specifi c embryonic markers such 
as Oct-4 and Nanog. Oct-4 is a key marker expressed in 
embryonic stem cells and is responsible for the mainte-
nance of pluripotency of mammalian stem cells  in vivo and 
 in vitro [24 ,25 ]. Nanog is a homeodomain protein present 
in pluripotent human cells that plays a critical role in regu-
lating the cell fate of the pluripotent inner cell mass during 
embryonic development, maintaining the pluripotent 
epiblast and preventing differentiation to the primitive 
endoderm [ 26 ]. In our results, Nanog protein was consis-
tently localized in the nucleus but also present in the cyto-
plasm and we excluded the possibility of a false-positive 
staining. Although the mechanism by which localization 
occurs is still unclear, the cytoplasm localization of Nanog 
it was reported [ 27 – 29 ] and a recent study explained it 
by the physical linkage between CD44 and Nanog [ 30 ]. 
 These observations indicated that hAF contains a sub-
population of multipotent stem cells with a primitive 
phenotype that might be the precursors of MSC. The co-
expression of stemness genes with neural- and endodermal-
specifi c differentiation markers, such as MAP-2, GFAP, 
meurofi lament protein medium (NF-M), and cytokeratin-18 
(data not shown), confi rms that hAF MSC include pluri-
potent stem cells able to differentiate into multiple differ-
ent cytotypes. In support of our data, Tondreau  et al.  [31 ] 
have reported transcript expression for mature markers in 
human BM MSC. 
 To investigate whether hAF MSC were also able to dif-
ferentiate into neural cells, we cultured them in NPMM, a 
medium that we have used previously to favor neurogenic 
differentiation in BM MSC [ 15 ]. NPMM treatment 
in duced, rapidly, the formation of neurosphere-like aggre-
gates positive for nestin. After 3 weeks, we observed expres-
sion of neural marker proteins and an up-regulation of 
nestin and GFAP transcripts The nestin mRNA level 
increased signifi cantly in NPMM-treated MSC. Nestin is a 
marker for the responsive character of MSC to extrinsic 
signals and was considered to be a factor needed for the 
emergence of neuronal differentiation of MSC [ 32 ]. 
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